The following is the fourth in our series of review articles on the developmental biology of the nervous system and its relation to diseases and disorders that are found in newborn infants and children. In this article, the authors focus on the role of excitotoxicity in hypoxic-ischemic brain injury and the susceptibility of the developing brain to that form of stress. Hypoxic ischemia is a common cause of damage to the fetal and neonatal brain. Although systemic and cerebrovascular physiologic factors play an important role in the initial phases of hypoxic-ischemic injuries, the intrinsic vulnerability of specific cell types and systems in the developing brain may be more important in determining the final pattern of damage and functional disability. Excitotoxicity, a term applied to the death of neurons and certain other cells caused by overstimulation of excitatory, mainly glutamate, neurotransmitter receptors, plays a critical role in these processes. Selected neuronal circuits as well as certain populations of glia such as immature periventricular oligodendroglia may die from excitotoxicity triggered by hypoxic ischemia. These patterns of neuropathologic vulnerability are associated with clinical syndromes of neurologic disability such as the extrapyramidal and spastic diplegia forms of cerebral palsy. The cascade of biochemical and histopathologic events triggered by hypoxic ischemia can extend for days to weeks after the insult is triggered, creating the potential for therapeutic interventions. Our understanding of the pathogenesis of hypoxic-ischemic brain injury in the fetus and neonate has increased considerably over the last two decades related to both clinical and laboratory observations (1, 2). This work has led to substantial conceptual agreement on a general outline of how this type of injury is triggered and evolves to produce neuropathologic lesions and neurodevelopmental disabilities ( 
Our understanding of the pathogenesis of hypoxic-ischemic brain injury in the fetus and neonate has increased considerably over the last two decades related to both clinical and laboratory observations (1, 2) . This work has led to substantial conceptual agreement on a general outline of how this type of injury is triggered and evolves to produce neuropathologic lesions and neurodevelopmental disabilities (Table 1) . Although cerebrovascular factors contribute to the pathophysiology of hypoxicischemic brain injury and have played a dominant role in thinking about pathogenesis in the past, more recent studies are uncovering important cellular and molecular aspects of injury.
A fundamental process believed to be responsible for hypoxic-ischemic damage to neurons is called excitotoxicity (3) . Excitotoxicity, a term popularized in the 1970s by John Olney, refers to cell death mediated by excessive stimulation of extracellular excitatory amino acid receptors (3) . Normally these receptors mediate physiologic excitatory effects of the dicarboxylic acid glutamate, one of the most ubiquitous and versatile neurotransmitters in the brain. When excessively stimulated by combinations of elevated synaptic levels of glutamate and membrane depolarization associated with ischemia, channels associated with these receptors allow a lethal flood of Ca 2ϩ and sodium to enter neurons. In the developing brain, excitotoxicity is the Achilles heel of neurons that normally benefit from the trophic stimulation provided by wellmodulated excitatory stimulation (4) . Excitotoxicity appears to be even more intimately involved in the pathogenesis of cell destruction from hypoxic ischemia in the developing brain than in the adult, and, for that reason, this brief review focuses heavily on this process. Although we focus here on neuronal systems, recent evidence suggests that immature white matter can also be damaged by excitotoxicity triggered through glutamate receptors by hypoxia-ischemia (5, 6) .
A Cascade of Neurotoxic Events Triggered by Hypoxia-Ischemia
A great deal of laboratory work on cerebral blood flow and perfusion suggests that most hypoxic injuries in fetuses and infants reflect combinations of hypoxia and ischemia rather than hypoxia alone (1) . It is unlikely that acute hypoxemia will damage the fetal or neonatal brain unless there is superimposed ischemia (4). This reflects both the enhanced resistance of the immature brain to hypoxia compared with the adult and the robustness of its protective mechanisms (e.g. capacity to increase cerebral blood flow). There is also general agreement that the syndrome of HIE after a severe asphyxial insult is an integral component of the evolving injury, reflecting a cascade of biochemical events that evolves over hours to several days (7) (8) (9) . It is widely accepted that the evolving injury is accompanied by enhanced neuronal excitement with frequent seizures and electroencephalographic abnormalities (7, 10) . These clinical observations are complemented by evidence from the laboratory that drugs that block NMDA-type glutamate channels can protect the brain from severe hypoxic-ischemic insults if given before or shortly after the insult (11-13). Finally, there is a growing awareness among clinicians based on the use of MR brain imaging that HIE targets special brain structures or groups of neurons, the concept of selective vulnerability (14) .
To highlight the recent advances in hypoxia-ischemia research in the developing brain, we focus on two rapidly evolving areas: the pathogenesis of selective neuronal vulnerability from near-total asphyxia and the apoptosis-necrosis continuum that could become a target for novel neuroprotective strategies.
Relatively Selective Neuronal Vulnerability from Near-Total Asphyxia
Most episodes of hypoxia-ischemia severe enough to damage the immature brain cause variable injury to selected groups of structures rather than uniform or global brain injury (15, 16) . This phenomenon results in the clinical patterns of disability seen after these insults, such as spastic diplegia associated with periventricular white matter injury in premature infants (15) . MRI over the last few years has also revealed a special pattern of symmetric injury to the thalamus, putamen, and periRolandic cerebral cortex after severe or near-total asphyxia in term infants ( Fig. 1 ) (17) (18) (19) (20) (21) (22) . Associated injury in the brain stem is also commonly present. The periventricular white matter is usually spared in these cases, but a transient alteration in the MR signal from the posterior internal capsule has been reported to be a sign of injury to adjacent neurons (21, 23) . This neuroimaging pattern of selective injury in the basal ganglia and cortex is commonly associated with severe permanent motor impairment that includes rigidity, impairment of upper extremities more than lower extremities, and motor speech impairment (17, 19) . This pattern of relatively selective vulnerability resembles the pattern of diencephalic and brain stem injury observed by Myers (24) in his studies of acute total asphyxia in subhuman primates in the early 1970s.
Although the pathophysiology of this injury is incompletely understood in human infants, there is good evidence from the laboratory as well as human experimental studies that this special pattern of damage reflects the dysfunction of a selected set of excitatory neuronal circuits triggering selective neuronal death (25) . The major neurotransmitter-specific connections between the vulnerable regions are shown schematically in Figure 2 (26) . It is noteworthy that each of the vulnerable regions is the target of a major excitatory glutamatergic input as depicted by the sharp arrows (26) . If these circuits are hyperactive during the period of HIE, it will predispose each of these areas to glutamate-mediated excitotoxicity (7, 27) . On the other hand, hyperactivity in these circuits would inhibit the internal and external segments of the globus pallidus, which tend not to be injured during near-total asphyxia, at least as visualized by MRI (19) . Inhibition of the globus pallidus interna would also potentially reduce its inhibition of the thalamus, allowing it to more actively stimulate the cerebral cortex. This has been proposed as a working model for selective neuronal vulnerability from near-total asphyxia, and it provides a rationale for differences between asphyxia and disorders that target the globus pallidi such as kernicterus (28) .
Functional Imaging Evidence that Vulnerable Regions Are Hyperactive during HIE
Hyperactivity of cerebral cortex manifested by seizures and abnormal electrical activity is a well-established component of the syndrome of HIE after asphyxia severe enough to damage the brain (4, 7, 10) . There is also evidence from functional imaging that selectively vulnerable regions in the basal ganglia and cerebral cortex are also hypermetabolic (7, 29) . In a study of glucose metabolism in infants with HIE after severe asphyxia, Blennow et al. (29) examined [ 18 F]FD-glucose PET in six full-term infants at a median age of 2.5 (2-5) d after the insult. They found focal elevations in the regional cerebral metabolism of glucose (rCMRgl) in the basal ganglia and cerebral cortex in five infants who later had severe neurologic deficits but no increase in one infant who was normal at follow up. The areas of increased rCMRgl generally corresponded to the areas in the basal ganglia and peri-Rolandic cerebral cortex that are commonly abnormal on MR images, although only computerized tomographic images were performed in this study. Similar regions of cerebral glucose hypermetabolism have been reported in an infant rat model of hypoxia-ischemia (30) . Although these results originally suggested a general increase in neuronal metabolism after HIE, recent experimental work using MRS suggests that they actually point more specifically to an increase in glutamate release and reuptake at excitatory synapses (31) .
The proposal that glucose metabolic rate is coupled directly to the activity of glutamate-using excitatory synapses rather than neuronal cell bodies is supported by several lines of evidence (32) (33) (34) . Sokoloff (32) has pointed out that glucose utilization as measured by rCMRgl increases linearly with spike frequency in neuropil-containing synapses but not neuronal cell bodies in functionally activated neural tissues. Using MRS to follow the flow of carbon derived from [1-13C]glucose in brain glutamate and glutamine pools in rodents, Sibson et al. (33) found a direct 1:1 stoichiometric coupling between brain glucose metabolism and glutamate neurotransmitter cycling during neuronal activation. It has been proposed that this coupling takes place in perisynaptic astrocytes where a molecule of glucose anaerobically generates two ATPs that power glutamate reuptake from the synapse into glia and conversion of glutamate to glutamine (31) . Pfund et al. (34) also recently reported that 2-deoxy-2[F-18]fluoro-D-glucose PET (FDG-PET) measurement of glucose metabolism in children with epilepsy and controls correlated with glutamate/glutamine concentrations using proton MRS. These observations suggest that focal glucose hypermetabolism in infants with HIE after asphyxia reflects enhanced release of glutamate at hyperactive excitatory synapses in the selectively vulnerable regions.
These observations are consistent with several human and animal studies demonstrating high extracellular and cerebrospinal fluid levels of excitatory neurotransmitters during HIE (35) (36) (37) (38) (39) . Pu et al. (40) also recently reported that the proton MRS peak for glutamate/glutamine was elevated in the basal ganglia and thalami of four infants with moderate or severe HIE after asphyxia but not in eight with mild HIE or in normal infants. The most widely accepted explanation for this elevation is that hypoxia-ischemia inhibits the activity of energydependent glutamate reuptake pumps. Silverstein et al. (41) originally reported that perinatal hypoxia-ischemia disrupts high-affinity reuptake of 3 H-glutamate into synaptosomes prepared from the basal ganglia of infant rats exposed to unilateral hypoxia-ischemia. They also reproduced the same effect of inhibiting the maximal velocity of the glutamate reuptake system by injecting the neurotoxic glutamate agonist NMDA into the neonatal basal ganglia (42). Recently, Jabaudon et al.
(43) used an elegant organotypic hippocampal culture system to demonstrate that energy deprivation produces an early severe reduction in glutamate reuptake and promotes reversal of the transporter. Similarly, Rossi et al. (44) reported that glutamate release in severe brain ischemia occurs mainly by reversal of the transporter. In a newborn piglet model of asphyxia that replicates the selective basal ganglia and periRolandic lesions seen in human infants, Martin et al. (45) reported evidence of early astroglial degeneration and loss of the astroglial (GLT 1) transporter in striatum that could have contributed to neurodegeneration. Therefore, these data sug- gest that power failure from hypoxic ischemia causes excessive release of glutamate from nerve terminals combined with reduced activity of the glial pumps that normally keep synaptic glutamate levels low. Through these mechanisms, glutamate can reach high levels, triggering excessive activity at glutamate receptors and eventually excitotoxicity.
How do these experimental data relate to the pattern of brain injury seen clinically in infants with near-total asphyxia as shown in Figure 1 ? We hypothesize that the primary factor that makes the putamen, thalamus, and peri-Rolandic cortex more vulnerable than surrounding regions to hypoxic-ischemic injury is their positions within maturing excitatory neuronal circuits (28) . Other areas may be less vulnerable because their excitatory neurotransmitter circuitry is less well established in the neonatal period. This is consistent with PET studies of normal newborn infants who have relatively high glucose metabolic rates in the basal ganglia, brain stem, and sensorimotor cortex with much lower rates elsewhere (46). It seems far more likely that this pattern of vulnerability is related to the intrinsic properties of vulnerable neurons (e.g. excitatory receptors, neurotransmitter reuptake pumps, ability to fire repetitively) than it is to a pattern of vascular supply or redistribution of cerebral blood flow.
The Neurotoxic Cascade
When excessively excited by high levels of glutamate, neurons and other cells with appropriate receptors can be sent into a death spiral that results in their demise. Excessive levels of synaptic glutamate and possibly other excitatory neurotransmitters such as glycine together with membrane depolarization can contribute to the opening of NMDA-type glutamate receptors, flooding cells with Ca 2ϩ (25, 47) . NMDA receptors open passively when membrane potential is reduced by hypoxia even if glutamate levels are not high (48, 49). Developmentally determined expression of NMDA receptor subunits that favor channels with longer open times and larger Ca 2ϩ fluxes may be responsible for greatly enhanced NMDA-mediated neurodegeneration in neonatal animals (25, 50, 51) . Other glutamate neurotransmitter-specific receptors and ion channels [e.g. alpha-amino-3-hydroxy-5-methyl-isoazole-4-propionic acid (AMPA) receptors] may also contribute to trigger a neurotoxic cascade of events that can result in cell death as depicted in Figure 3 (25, 52) . Direct effects of Ca 2ϩ flooding and Ca 2ϩ -mediated generation of nitric oxide and peroxynitrite contribute to damage depending on the severity of the insult and other factors such as tissue redox state (52-58). Activation of lipases and proteases, including those involved in proinflammatory cytokine cascades, also contribute to excitotoxic injury triggered by hypoxia-ischemia (59 -63). The experimental observation that NMDA-mediated neuroprotection becomes ineffective if postponed more than 1-2 h after a hypoxic-ischemic insult suggests that these downstream events quickly become self-sustaining (11) (12) (13) . The evolution of these events is probably responsible for the delayed expression of neurodegeneration that is seen during HIE.
Mitochondria May Play a Pivotal Role in Neurodegeneration
Mitochondria appear to play a central role to determine the fate of cells subjected to hypoxia-ischemia (64 -66) . Mitochondria handle multiple oxidation reactions that can yield highly toxic oxygen free radicals under conditions of oxidative stress. They are major buffers of intracellular Ca 2ϩ and can become overloaded by cytoplasmic Ca 2ϩ flooding secondary to opening of NMDA and voltage-sensitive Ca 2ϩ channels. Diminished mitochondrial function can lead to decreased energy to maintain membrane ion gradients, potentially perpetuating a vicious cycle of membrane depolarization and NMDA receptor channel opening (Fig. 3) (25, 67) . MRS studies in animals and human infants indicate that delayed energy failure and persistently elevated brain lactate levels are associated with neurodegeneration after asphyxia (68) . Therefore, disrupted mitochondrial function during HIE could contribute to persistent seizures and electroencephalographic abnormalities such as the burst-suppression pattern (69) . In experimental animals of asphyxia, NMDA antagonist drugs can improve disrupted mitochondrial function (66) . Figure 3 . Schematic of events that may contribute to the evolution of HIE as described in the text. Hypoxic ischemia triggers opening of NMDA-type glutamate receptor-operated channels in the cytoplasmic membrane, allowing Ca 2ϩ to flood into the cytoplasm (upper left of diagram). The cascade unfolds over time from left to right in the diagram over a period that may extend for days to weeks depending on the species, the nature and severity of the initial insult, the brain region, and other factors such as the temperature and supply of trophic factors. Ca 2ϩ fluxed through NMDA channels can activate Ca 2ϩ -sensitive enzymes such as nitric oxide synthase (NOS), producing the free radical gas nitric oxide (NO), which is toxic alone or when combined with superoxide ions to form even more toxic peroxynitrite. One target of NO and peroxynitrite is mitochondria, which generate their own supply of oxygen free radicals under hypoxic conditions. Very severe hypoxic-ischemic insults can cause total mitochondrial failure, leading promptly to destruction of cellular membranes and histologic necrosis. Less severe degrees of hypoxic ischemia can trigger delayed programmed cell death or apoptosis. One potential scenario is depicted here in which cytochrome c protein released from distressed mitochondria triggers the activation of cysteine-dependent aspartate-directed proteases (caspases) such as caspase 3 that lead to fragmentation of DNA and many other actions. DNA fragmentation in turn can trigger activation of poly(ADP-ribose)polymerase (PARP), a nuclear enzyme that facilitates DNA repair. However, this process consumes NAD, possibly limiting its concentration within mitochondria. Oxidative failure from hypoxic ischemia combined with a reduction in NAD can further impair mitochondrial function and reduce energy needed to maintain membrane potentials. A fall in membrane potential leads to passive opening of NMDA channels, worsening and extending the excitotoxic cascade.
JOHNSTON ET AL.
Neurodegeneration from hypoxia-ischemia can take the form of necrosis or apoptosis, and the choice may depend on the intensity of mitochondrial dysfunction (64) . In neuronal cell culture, Ankarcrona et al. (64) used an excitatory amino acid agonist to produce a very intense or a milder excitotoxic insult and found that they produced either rapid necrosis or delayed apoptosis. The more intense insult produced rapid loss of mitochondrial membrane potential, loss of ATP production, and explosion of nuclear and cytoplasmic membranes consistent with necrosis. On the other hand, neurons subjected to the less intense excitotoxic insult initially lost and recovered their mitochondrial membrane potentials but ultimately developed nuclear fragmentation of chromatin and shrinkage of nuclear and cytoplasmic contents typical of apoptosis. It has been suggested that damaged mitochondria may signal the apoptotic process by release of cytochrome c or other intramitochondrial proteins, in turn activating cysteine protease enzymes or caspases that fragment DNA and execute apoptotic programs (64, 65, 70, 71) . In adult animal models, DNA fragmentation produced by this process as well as through free radical oxidative stress can also trigger the repair enzyme poly(ADPribose)polymerase, which may further impair mitochondrial function by depleting NAD needed to maintain mitochondrial energetics (72) . This can create another vicious cycle of death in the neurotoxic cascade and is an area of active investigation in the immature brain.
Apoptosis May Be More Prominent in the Immature Brain
Apoptosis, which involves activation of genetically determined cell-suicide programs, has been observed in postmortem brain tissue from infants after hypoxic-ischemic insults as well as in immature animal models of hypoxia-ischemia (73) (74) (75) (76) .
Comparison of adult and immature animal models of hypoxiaischemia suggests that apoptosis may be more prevalent in the immature brain (77, 78) . Our recent studies in which we quantitated the relative numbers of apoptotic versus necrotic cells in a rodent model of hypoxic ischemia indicate that many regions such as the cerebral cortex and basal ganglia contain high numbers of apoptotic cells for over 7 d after hypoxiaischemia (79) .
Using multiple markers for apoptosis including electron microscopy, we found apoptotic cells in all regions of the hypoxic-ischemic 7-d-old rat brain, with apoptosis exceeding 50% of degenerating cells in several regions (79) . In contrast, one detailed study of an adult middle cerebral ischemia model showed ratios of apoptosis to necrosis of less than 1:6 (78). The classic eosinophilic ischemic neurons that are a consistent feature of ischemia in adult models are relatively rare in the newborn rat, but necrotic cells with aggregates of irregularly shaped chromatin are common (Fig. 4) . Most brain regions of the hypoxic-ischemic 7-d-old rat brain contain a continuum of apoptotic-to-necrotic cells with hybrid cells that contain morphologic features of both types of degeneration. A similar continuum has been observed after injections of excitotoxins or trauma in the immature rodent brain, suggesting that it is triggered by the excitotoxic cascade (80, 81) . This continuum would be consistent with a potential continuum of injury to mitochondria, as suggested by the experiments of Ankarcrona et al. (64) mentioned above. Given the relatively short time period over which cells retain their apoptotic morphology before being phagocytosed, this may indicate that many cells delay their commitment to apoptosis for several days after the insult.
The prominence of apoptosis and the apoptotic-necrotic continuum in neurodegeneration after hypoxia-ischemia in the immature brain suggests that it will be important to understand these processes to develop effective neuroprotective strategies. The cysteine protease (caspase) enzyme caspase 3 plays an important role to execute apoptotic programs in many cells (70) . Cheng et al. (70) demonstrated the efficacy of inhibiting caspase-3 enzyme activity for protecting the 7-d-old rat brain from hypoxic-ischemic injury. These data and others suggest that activation of apoptosis-executing caspases is much greater in the immature brain than in the adult (82) . A combination of NMDA antagonists and caspase inhibitors may provide a longer therapeutic window than either administered alone, suggesting that the two mechanisms interact with each other (83, 84) . Activation of proapoptotic caspases may also be linked to activation of calpains, a related family of Ca 2ϩ -sensitive cysteine proteases that regulate cytoskeletal function (85, 86) .
Control of apoptosis and the apoptosis/necrosis continuum involves a balance between expression of numerous apoptotic and antiapoptotic proteins after injury, providing many potential approaches to modifying outcome (70, 87, 88) . Several protein growth factors that have been reported to protect against hypoxic-ischemic injury in immature animal models may act by inhibiting apoptosis (89 -93) . The protective effects of some of these growth factors may be mediated by the Ras-MAP (mitogen-activated protein kinase) kinase signaling pathway to the nucleus (94) . Glucocorticoids have also been reported to have a potent neuroprotective effect when given at certain times before hypoxic ischemia in rodents, possibly mediated through a nuclear receptor mechanism (95) . It is also plausible that hypothermia, which is currently receiving considerable clinical attention as a neuroprotective strategy, may slow or reduce the excitotoxic cascade by altering processes favoring apoptosis (96 -100) or through other mechanisms such as reducing glutamate release. The discovery that preconditioning with exposure to hypoxia before an experimental hypoxic-ischemic insult can reduce the extent of damage also suggests that endogenous neuroprotective mechanisms are being activated (101) .
CONCLUSION
Although the immature brain is relatively protected from hypoxia-ischemia by powerful adaptive mechanisms and relatively low energetic demands, severe insults can trigger a self-sustaining cascade of neurotoxic events lasting several days or longer. In the term infant, neurons connected in established neuronal circuits appear to be especially vulnerable to excitotoxic damage. Compared with the adult nervous system, apoptosis and an apoptosis/necrosis continuum may be more prominent in the developing brain. Combinations of antiexcitotoxic and antiapoptotic therapies my hold promise for salvaging brain tissue after hypoxic-ischemic insults. 
